Ubiquitylation by the ubiquitin proteasome system (UPS) is a post-translational modification that governs diverse cellular processes such as cell proliferation, cell cycle progression, transcription and apoptosis. The UPS exerts its biological functions through a cascade of three enzymatic reactions, which are catalysed by the ubiquitinactivating E1 enzyme, the ubiquitin-conjugating E2 enzyme and the ubiquitin-protein E3 ligase. Crucially, E3 ligases determine the substrate specificity for ubiquitylation and subsequent degradation.
. The SCF complex is composed of the invariant components S-phase kinase-associated protein 1 (SKP1), the E3 ligase RBX1 (also known as ROC1) and cullin 1, as well as variable F-box proteins that confer substrate selectivity by targeting a distinct subset of substrates for ubiquitylation 4, 5 . Each F-box protein consists of at least two major functional domains: various carboxy-terminal domains that bind to specific substrates, and the F-box motif, which is a protein-protein interaction domain that was first identified in F-box only 1 (FBXO1; also known as cyclin F) 5 and that recruits F-box proteins into the SCF complex via direct binding with the adaptor protein SKP1 (REF. 6 ).
Besides SCF, another multi-component E3 ligase, APC/C (anaphase promoting complex/cyclosome), has also been well established as a crucial regulator of multiple cellular processes, including cell cycle progression, such as S phase entry and G2/M phase exit 4, 6 . Specifically, the SCF complex primarily regulates entry into S phase by degrading G1 cyclin-dependent kinase inhibitors (CKIs) and G1 cyclins 4 , and β-transducin repeat-containing protein 1 (β-TRCP1; also known as F-box/WD repeat-containing protein 1A (FBXW1A))-dependent degradation of WEE1 is required for the initiation of M phase 7 . APC/C governs timely cell cycle progression in both M and G1 phases 6 . Interestingly, although it is composed of approximately 14 subunits, APC/C shares structural similarity with SCF by containing a cullin-like scaffolding protein, APC2 (also known as ANAPC2), and a substrate recognition subunit, CDH1 (also known as FZR1) or CDC20, both of which are WD40 repeat-containing proteins that are analogous to F-box proteins in SCF 8, 9 .
The F-box protein families F-box proteins can be organized into three subclasses according to the presence of specific substrate recognition domains. The FBXW subclass, which contains WD40 repeat domains, comprises ten proteins, including the well-studied β-TRCP1, FBXW7 (also known as FBW7 and CDC4) and β-TRCP2 (also known as FBXW11). There are 22 F-box and leucine-rich repeat protein (FBXL) family members, including SKP2 (also known as FBXL1), all of which contain leucine-rich repeat domains. The remaining 37 F-box proteins are designated as FBXO proteins that contain various domains that are not fully characterized. However, recent studies have begun to reveal some interesting biological functions that are attributed to otherwise uncharacterized functional domains in several FBXO proteins [10] [11] [12] [13] . How do F-box proteins recognize their substrates? In most cases, they target specific degrons, which are short, defined motifs within their substrates. Moreover, proper post-translational modifications of the substrates are often required for their interaction with respective F-box proteins 14 . For example, FBXW7 substrates typically contain the conserved CDC4 phosphodegron (CPD) sequence (Leu)-X-pThr (or pSer)-Pro-Pro-X-pSer (or pThr, Glu or Asp) (X represents any amino acid) 15, 16 , and phosphorylation of this motif is required for FBXW7 to recognize and ubiquitylate its substrates. In addition to phosphorylation, F-box proteins can also recognize degrons that are modified by glycosylation or the addition of mannose oligosaccharides. For instance, FBXO6 binds to a glycosylated degron in T cell receptor α-chain 17 , and FBXO2 can ubiquitylate proteins with N-linked high-mannose oligosaccharides, such as precursor β1 integrin 18 . Notably, recent studies showed that FBXO1 recognizes centrosomal protein of 110 kDa (CP110) 10 and ribonucleoside-diphosphate reductase subunit M2 (RRM2) 19 with an unmodified degron (Arg-X-Leu) for degradation, whereas phosphorylation unexpectedly inhibits the degradation of FBXL2 (REF 20) and FBXO11 (REFS 21, 22) substrates. These results indicate that other mechanisms, including restriction of degron access or regulation of F-box protein localization or stability, might also be involved in controlling F-box protein-mediated degradation 14 . Hence, further in-depth investigations are warranted to explore whether other degron-recognition mechanisms, such as lysine methylation 23 , lysine acetylation or tyrosine phosphorylation 20 , contribute to F-box protein-mediated ubiquitylation.
Emerging experimental and clinical data indicate that misregulated destruction of cell cycle regulators, many of which have either tumour suppressive or oncogenic functions, is tightly linked to cancer initiation and progression 4 . To this end, the crucial role of F-box proteins in tumorigenesis began to be appreciated owing to the pivotal and indispensable roles of these proteins in cell cycle regulation 24 . Over the past 17 years, research efforts have been devoted to identifying the substrates that are ubiquitylated by a given F-box protein and thereby reveal its physiological and cellular functions. In addition, there are ongoing studies that aim to establish mouse models to decipher the physiological role of F-box proteins in tumorigenesis, or that aim to link genetic alterations of F-box genes to pathological contributions of F-box proteins in human cancers. In this Review, we provide a comprehensive summary of the known and potential roles of the F-box proteins in tumorigenesis on the basis of the available data from three major categories: physiological evidence (mouse models), pathological evidence (human cancer relevance) and biochemical evidence (identified downstream ubiquitin substrates) (BOX 1; TABLE 1). On the basis of these three standards, we have grouped the 69 putative human F-box proteins into one of four categories: tumour suppressive, oncogenic, context-dependent or undetermined functions in cancer (FIG. 1) .
Tumour-suppressive F-box proteins Multiple F-box proteins function as tumour suppressors, or show emerging roles in suppressing tumorigenesis (TABLE 2) .
FBXW7 is a tumour suppressor. FBXW7 is a wellestablished tumour suppressor that targets various oncogenic proteins for degradation 25, 26 . Fbxw7 −/− mice showed impaired vascular development that led to lethality at embryonic day 10.5, which might be caused by the accumulation of the FBXW7 substrates NOTCH1 and NOTCH4 (REFS 27, 28) . Notably, extensive screenings for FBXW7 mutations in human cancers have shown that approximately 6% of all primary human cancers harbour FBXW7 mutations 29 . The most frequent FBXW7 mutations were identified in T cell acute lymphoblastic leukaemia (T-ALL; 30%) and cholangiocarcinomas (35%). The most common missense mutations of FBXW7 occurred at R465, R479 and R505 in human cancers 25 . To further understand the physiological functions of FBXW7 in tumorigenesis, mouse models with tissue-specific ablation or knock-in of Fbxw7 have been developed
Key points
• F-box proteins have pivotal roles in the development and progression of human malignancies through governing the turnover of key factors that are involved in multiple cellular processes, including cell proliferation, apoptosis, invasion, angiogenesis and metastasis.
• In order to determine the possible role for each of the 69 identified mammalian F-box proteins in tumorigenesis, we focused on summarizing experimental evidence derived from physiological mouse models, pathological gene alterations in cancer patients and biochemical substrates identified for respective F-box proteins.
• F-box/WD repeat-containing protein 7 (FBXW7) exerts its tumour-suppressor role mostly by promoting the degradation of various oncoproteins that regulate important cellular processes including cell cycle progression, cellular metabolism, differentiation and apoptosis. Moreover, FBXW7 somatic mutations have been observed in various human cancers, and genetic ablation of Fbxw7 in different tissue settings predisposes mice to cancer.
• S-phase kinase-associated protein 2 (SKP2) promotes tumorigenesis mostly by promoting the ubiquitylation and subsequent degradation of a cohort of tumour-suppressor proteins, including p27, p21, p130 and forkhead box protein O1 (FOXO1). Skp2 transgenic mouse models, and overexpression of SKP2 in various types of human cancers further support a role for SKP2 as a proto-oncoprotein.
• β-transducin repeat-containing protein 1 (β-TRCP1) and β-TRCP2 exert their oncogenic or tumour-suppressive function in a tissue-specific, or cellular context-dependent manner.
• For a subset of F-box proteins with emerging oncogenic or tumour-suppressive roles, genetic mouse models have been established to shed light on the potential role of these proteins in tumorigenesis. However, further additional compound or tissue-specific mouse models, as well as identification of downstream substrates, are necessary to clearly define the roles of these proteins in cancer.
• F-box proteins with undetermined roles in tumorigenesis are defined for those members without studies from cancerous mouse models, although pathological genetic alterations or characterized tumour-associated substrates might have provided minimal support for their possible involvement in tumorigenesis.
• Targeting F-box proteins, or F-box protein signalling pathways, could be an effective strategy for prevention or treatment of human cancers.
Pancytopenia
A disease that is characterized by a reduction in the number of all formed elements in the blood, such as red cells, white cells and platelets.
Apc Min/+ mice
Mice with the multiple intestinal neoplasia (Min) mutation are predisposed to intestinal adenoma formation, which is a widely used mouse model for exploring the role of adenomatous polyposis coli (APC) in intestinal tumorigenesis.
Hamartomas
Benign tumour-like malformations composed of tissue elements that are normally found at a given site but that grow in a disorganized mass.
and analysed, especially in bone marrow-specific and intestine-specific models. In particular, mice with conditional ablation of Fbxw7 in the T cell lineage developed thymic lymphoma, partly owing to excessive accumulation of MYC 30 . Bone marrow-specific Fbxw7-knockout mice showed extremely severe pancytopenia by 12 weeks and developed T-ALL within 16 weeks. This was partly due to exhaustion of haematopoietic stem cells (HSCs), which resulted from accumulated MYC and NOTCH1 (REFS 31, 32) , echoing the observation of frequent FBXW7 mutations or deletions in patients with T-ALL 33 . Consistently, HSCs with a heterozygous mutation of Fbxw7 in the substrate recognition pocket (Fbxw7 R465C/+ ) kept normal HSC function, but FBXW7-R465C-mediated MYC accumulation in collaboration with Notch 1 mutation increased leukaemia-initiating potential 34 . Although mice with intestine-specific Fbxw7 ablation did not develop intestinal tumours, mice with mutation of adenomatous polyposis coli (Apc Min/+ mice) and intestine-specific Fbxw7 ablation substantially increased intestinal tumorigenesis, in part via accumulation of NOTCH1 and JUN 35 . A more recent study showed that mice with the heterozygous missense mutation R482Q ( 40 . Taken together, the FBXW7 tumour suppressor might function in a haploinsufficient manner.
Besides T-ALL and cholangiocarcinomas, FBXW7 is mutated in 9% of primary endometrial cancer, 9% of colorectal cancer and 6% of stomach cancer 29 . Human FBXW7 has three isoforms (FBXW7α, FBXW7β and FBXW7γ) as a result of alternative splicing. FBXW7 promoter hypermethylation has been shown to contribute to the inactivation of FBXW7β in breast cancer and is correlated with poorly differentiated tumours 41 . However, it remains unclear why the rate of cancer development in mice that lacked FBXW7β was not increased 42 . Notably, lower expression of FBXW7 contributed to more malignant phenotypes, such as lymph node metastasis, larger tumour size and poor prognosis in gastric cancer 43 . Similarly, FBXW7 expression was inversely associated with advanced stage and recurrence in prostate cancer 44 . Taken together, these pathological data further confirm the notion that FBXW7 mainly functions as a tumour suppressor in various types of human cancers.
Further biochemical evidence suggests that FBXW7 exerts its tumour-suppressor role by promoting the degradation of various oncoproteins 26 . The growing list of FBXW7-specific substrates, many of which have oncogenic functions (see Supplementary information S1 (table)), includes cyclin E, MYC, JUN, NOTCH, myeloid cell leukaemia 1 (MCL1), SREBP, mTOR, KLFs, CCAAT/enhancer-binding proteins (C/EBPs) and the mediator complex components MED13 and MED13L.
The emerging tumour-suppressor roles of other F-box proteins. It has been recently reported that FBXO11 targets the BCL-6 oncoprotein for ubiquitylation and subsequent degradation. Biologically, the overexpression of FBXO11 inhibited cell growth and induced cell death through promoting BCL-6 degradation in diffuse large B cell lymphoma (DLBCL) cells 11 . In vivo xenograft studies further indicated that FBXO11 contributes to lymphomagenesis by governing BCL-6 stabilization.
Box 1 | Definitions of physiological, pathological and biochemical evidence as used in this Review
Three major standards are used in this Review to determine the role of a given F-box protein in tumorigenesis. 'Physiological evidence' refers to results that are derived from mouse modelling studies, including knockout and transgenic mouse models, either at the whole-body level or in a tissue-specific manner. Physiological evidence is considered to be the most reliable evidence for examining the physiological role of an F-box protein in tumorigenesis. 'Pathological evidence' shows the correlation between the expression or function of a given F-box protein and various cancer-related pathological conditions. These pathological changes include gene-level alterations such as gene amplification, gene mutation and gene deletion, as well as protein-level changes such as protein overexpression and downregulation in various types of human cancers. These relationships are not causal, and they are not reliable or sufficient to define the role of an F-box protein in cancer. However, pathological evidence is considered to be strong supportive data that indicate the involvement of a given F-box protein in tumorigenesis. 'Biochemical evidence' mainly refers to the identified ubiquitin substrates for each F-box protein. Typically, if an E3 ligase degrades an oncogene, it might be considered to be a tumour suppressor, or if it degrades a tumour suppressor, it might be considered to be an oncogene. However, biochemical evidence is only considered to be supporting evidence, and a thorough evaluation of the role of each F-box protein in tumorigenesis should be a comprehensive evaluation of evidence that has been derived from all three standards, with physiological evidence weighing the most. Specifically, deletion or mutation of FBXO11 was observed in patients with primary DLBCL 11 , and it was significantly associated with the poor survival of patients with pancreatic cancer 45 . Additionally, it has been shown that FBXO11 interacts with CDT2 (also known as DTL), which forms part of the CRL4 complex, and promotes its proteasomal degradation. This leads to regulation of the timing of cell cycle exit 22 , in part through the stabilization of p21 (encoded by CDKN1A) and the N-lysine methyltransferase SETD8, and also leads to increased cell migration 21 . Genetically, homozygous Fbxo11 mutation was shown to cause severe middle ear infections, which indicates its crucial role in regulating inflammation 46 . However, further mouse modelling studies would help to elucidate the in vivo function of FBXO11 in tumorigenesis.
FBXW8 was found to assemble with cullin 7 to form a functional E3 ligase complex 47 . Notably, more than 60% of Fbxw8 −/− embryos die in utero owing to retardation of intrauterine growth and abnormal placenta development 47, 48 , and this has restricted further studies to appreciate its physiological role in tumorigenesis. However, mTOR complex 2 (mTORC2) was recently found to phosphorylate and subsequently stabilize FBXW8, leading to accelerated turnover of insulin receptor substrate 1 (IRS1) 49 . Moreover, it has been reported that FBXW8 negatively regulated cancer cell proliferation through proteolysis of cyclin D1 (REFS 50,51) (see Supplementary information S2 (table) ). Nonetheless, tissue-specific knockout mouse models and identification of additional FBXW8 substrates are necessary to determine whether FBXW8 has a crucial role in suppressing tumorigenesis.
In 2007, three groups independently identified FBXL3 as a regulator of the circadian clock by degrading cryptochrome (CRY) proteins through different genetic and biochemical approaches [52] [53] [54] . Indeed, Fbxl3 −/− mice showed a longer circadian period 55 . Interestingly, prolonged circadian rhythm in Fbxl3 −/− mice could be partially reversed by simultaneously knocking out Fbxl21 (REF. 55 ), because FBXL21 could protect CRY from FBXL3-mediated degradation in the nucleus and promote CRY degradation within the cytoplasm 55 . The crystal structure of the CRY2 and FBXL3-SKP1 complex was recently solved, and it showed a novel F-box protein-substrate bipartite interaction mechanism 56 . As mice with mutations in CRYs are arrhythmic (they lack a circadian rhythm) with a faster rate of growth of implanted tumours 57 , and as disrupted circadian rhythms might lead to aberrant cell division and subsequent malignant cell growth 58 , FBXL3 might be involved in tumorigenesis through promoting CRY degradation. Despite biochemical evidence that pinpoints its crucial role in the mammalian circadian clock, the physiological and the pathological roles of FBXL3 in human cancer development remain to be further explored.
FBXO1 contains a cyclin-box domain and hence is also known as cyclin F, although little is known about its role in cell cycle regulation. Mouse modelling studies have shown that Fbxo1 heterozygous mice are normal and fertile, whereas Fbxo1 −/− mice die around embryonic day 10.5 owing to failures in yolk sac and chorioallantoic placentation 59 . However, the depletion of Fbxo1 in mouse embryonic fibroblasts (MEFs) caused cell cycle defects by an unclear mechanism 59 . Notably, FBXO1 is downregulated in hepatocellular carcinoma, and low expression levels of FBXO1 are associated with larger tumour size, advanced clinical stage, tumour multiplicity and poorer survival, which suggests that FBXO1 could be a promising prognostic marker for hepatocellular carcinoma 60 . Mechanistically, FBXO1 has been reported to govern centrosome duplications by mediating the degradation of CP110, which is essential for centrosome duplication 10 , Figure 1 | Illustration of functional domains in the highlighted F-Box proteins, grouped by their potential functions in cancer that have been shown by available mouse models. On the basis of data from mouse genetics, pathological profiles and biochemical substrates identified for each F-box protein we group F-box proteins into four categories to indicate their roles in tumorigenesis: tumour suppressor (part a), oncogene (part b), context-dependent (part c) and undetermined (part d). β-TRCP, β-transducin repeat-containing protein; BH, β-helix; F, F-box motif; FBXL, F-box and leucine-rich repeat protein; FBXO, F-box only; FBXW, F-box/WD repeat-containing protein; HT, hemerythrin domain; IBR, in between ring fingers domain; L, leucine-rich repeat; Nop14, NOP14-like family domain; NosD, periplasmic copper-binding protein; PI31-prot-N, PI31 proteasome regulator amino-terminal domain; SKP2, S-phase kinase-associated protein 2; SPRY, SPLA and the ryanodine receptor domain; T, transmembrane region; Tr, D domain of β-TRCP; TRP, tetratricopeptide repeat; UH, UvrD/REP helicase N-terminal domain; UvrD, UvrD-like helicase C-terminal domain; W, WD40 repeat; Zu, putative zinc finger in N-recognin.
αβ-crystallin
A water-soluble structural protein that is found in the lens and the cornea of the eye, accounting for the transparency of the structure. It has also been identified in other tissues, such as the heart, and in aggressive breast tumours. Recent studies showed that it is a cofactor for SKP1-cullin 1-F-box protein (SCF)-F-box only 4 (FBXO4)-mediated ubiquitylation of cyclin D1.
as well as to participate in genome integrity and DNA repair control by degrading RRM2, which catalyses the conversion of ribonucleotides to deoxyribonucleotides for both replicative and repair DNA synthesis 19 (see Supplementary information S3 (table) ). These findings revealed an emerging tumour-suppressive role for FBXO1, although further genetic mouse models and biochemical studies are required to clearly define its physiological contribution to tumorigenesis. Fbxo4 −/− mice were developed to evaluate the role of FBXO4 in tumorigenesis. However, different phenotypes were observed by two independent groups. Vaites et al. 61 reported that Fbxo4 −/− mice developed lymphomas, as well as histiocytic, mammary and hepatocellular carcinomas, whereas Kanie et al. 62 observed no abnormality in Fbxo4 −/− mice. These discrepancies may have stemmed from the different mouse genetic backgrounds used in each study, which warrants further in-depth evaluation. Nonetheless, under pathological conditions, FBXO4 levels are reduced in tumour cell lines and in a subset of primary human cancers with a correspondingly increased accumulation of cyclin D1, which is a forkhead box protein O4 (FOXO4) substrate 63 . A further study showed that cancer-associated mutations in FBXO4 inhibited the dimerization-mediated activation of SCF complexes containing FBXO4, which led to the accumulation of nuclear cyclin D1 and oncogenic transformation 64 . To this end, αβ-crystallin was identified as a necessary chaperone for the recognition of cyclin D1 by FBXO4 (REF. 63 ), whereas impairment of the FBXO4-αβ-crystallin interaction caused an accumulation of cyclin D1, which led to faster cell cycle progression 63 (see Supplementary information S4 (table) ). Overall, it seems that the most likely antitumorigenic function of FBXO4 is to degrade cyclin D1, although further studies are required to solve the discrepancies in the existing mouse models.
FBXO10 binds to the anti-apoptotic BCL-2 oncoprotein to promote its degradation, which indicates an antitumour activity for FBXO10 (REF. 65 ). In support of this notion, there is pathological evidence indicating that low expression levels of FBXO10 were tightly associated with breast cancer risk [66] [67] [68] . Similarly, FBXO18 is often deleted or mutated in melanoma cells, and the depletion of FBXO18 enhances ultraviolet (UV)-mediated transformation of human melanocytes, which suggests a tumoursuppressive role of FBXO18 (REF. 69 ). Multiple studies have shown that FBXO31 is downregulated in human breast cancer and hepatocellular carcinoma cell lines 70, 71 . Conversely, the overexpression of FBXO31 suppressed cell proliferation and colony formation, partly through the degradation of cyclin D1 (REFS 70, 71) . However, although cyclin D1 was identified as a novel FBXO31 substrate ataxia telangiectasia mutated (ATM)-mediated phosphorylation of FBXO31, which suggests that FBXO31 has a role in DNA damage-induced growth arrest 13 . Establishing additional mouse models and identifying additional FBXO31 substrates will be required to further characterize the role of FBXO31 in cancer.
Oncogenic F-box proteins
In contrast to the tumour-suppressive F-box proteins described above, mounting evidence shows that many other F-box proteins have oncogenic functions.
SKP2 is an oncoprotein. The F-box protein SKP2 was first identified as a key cell cycle regulator because it mediates ubiquitylation and subsequent degradation of various cell cycle regulators, such as p27 (encoded by CDKN1B) and p21 (REFS 72-75) (see Supplementary information S4 (table)). A growing body of literature strongly implies that SKP2 has oncogenic roles in human cancers 4 (TABLE 3) .
The oncogenic potential of SKP2 was further shown in transgenic mice, as overexpression of Skp2 in the mouse prostate gland induced hyperplasia, dysplasia and lowgrade carcinoma 76 . Moreover, transgenic mice expressing Skp2 in the T-lymphoid lineage and co-expressing Nras developed T cell lymphomas with shorter latency and showed decreased survival 77 . Transgenic mice that expressed the SKP2 splice variant SKP2B under the control of the mouse mammary tumour virus promoter (MMTV promoter) develop mammary tumours, partly through the downregulation of REA (also known as prohibitin 2), which is an inhibitor of the oestrogen receptor 78 . Consistent with a crucial oncogenic role for SKP2, Skp2-knockout mice are resistant to the development of sarcomas and lymphomas in an Arf −/− background, and are resistant to adrenal and prostate cancers when the tumour suppressor gene Pten is lost 79 . Skp2 deficiency also delayed breast cancer development and prolonged the survival of MMTV-Neu mice 80 . Deleting retinoblastoma 1 (Rb1) using Pro-opiomelanocortin (Pomc)-Cre was sufficient to induce melanotroph tumorigenesis in the pituitary gland 81 . , and Skp2 deficiency inhibits skin tumorigenesis induced in the DMBA-TPA model 83 . Taken together, these findings in mice provide evidence to support a role for SKP2 as a proto-oncogene.
In further support of an oncogenic role, SKP2 has been reported to be overexpressed in various types of human tumour samples (TABLE 3) 90, 91 . Moreover, SKP2 might function as a prognostic marker for various human cancers. For instance, upregulation of SKP2 was associated with increased histological grade and tumour size in human hepatocellular carcinoma 92 . Consistently, patients with a higher level of SKP2 expression have poorer prognosis in breast cancer 80 , gastric cancer 93 and melanoma 87 , which suggests the potential for the use of SKP2 as a biomarker for poor prognosis in various types of human cancers.
Recent studies support the notion that SKP2 exerts its oncogenic functions through degradation of its substrates 4 , most of which are bona fide tumour suppressors. Well-characterized substrates of SKP2 include p21, p27, p57 (encoded by CDKN1C), retinoblastoma-like protein 2 (RBL2; also known as p130), FOXO1 and others (see Supplementary information S4 (table)), which suggests that SKP2 has a crucial role in governing many key cellular processes. For example, p21, p27 and p57 suppress cell cycle progression, RBL2 prevents cell division and FOXO1 is a transcription factor that positively regulates apoptosis. SKP2 deletion was recently shown to retard tumorigenesis through p27 accumulation when RB1 and p53 are inactivated 81 . However, further biochemical studies to identify additional SKP2 substrates and the generation of additional compound mouse models are required to pinpoint the major downstream (TABLE 3) . Pathologically, FBXO5 has been suggested to have a possible oncogenic role in human cancers. For instance, the overexpression of FBXO5 leads to increased proliferation, tetraploidy and genomic instability of p53-deficient cells, which suggests that p53 loss might function together with FBXO5 to promote tumorigenesis 95 . In further support of its oncogenic role, FBXO5 was shown to be strongly expressed in malignant tumours compared with benign tumours 96 . Consistent with this notion , significant overexpression of FBXO5 was detected in ovarian tumour tissues 97 . Overexpression of FBXO5 was associated with a high histological grade and worse survival in ovarian cancer 98 , and it was positively correlated with stage and poor outcome in hepatocellular carcinoma 99 . Biochemically, FBXO5 has been shown to govern cell cycle progression to S phase and mitosis via stabilizing APC/C ubiquitin substrates that have oncogenic activity, such as cyclin A, cyclin B or securin, by binding to APC/C co-activator proteins to inhibit APC/C activation 100 . In keeping with a possible oncogenic role for FBXO5, the BCR-ABL fusion oncoprotein increases FBXO5 stability and thereby blocks SKP2 degradation via APC/C-induced ubiquitylation, leading to enhanced cell proliferation in chronic myeloid leukaemia cells 101 . In summary, targeting the FBXO5 oncoprotein might be a novel anticancer therapeutic approach, but its oncogenic role warrants further studies that use tissue-specific transgenic mouse modelling.
Furthermore, the potential oncogenic role of FBXO9 was supported by recent findings that FBXO9 promotes survival in multiple myeloma cell lines through degrading telomere maintenance 2 (TELO2) and TELO2-interacting protein 1 (TTI1) -integral components of mTORC1 and mTORC2, which control the cellular abundance of mammalian PI3K-related kinases (PIKKs) 102 (see Supplementary information S3 (table)). Specifically, FBXO9 only targets mTORC1-associated TELO2 and TTI1 for degradation, thereby suppressing mTORC1 to restrain cell growth but meanwhile releasing the negative feedback regulation on the PI3K-mTORC2-AKT pathway to sustain survival 102 . Although FBXO9 mutation has been identified in patients with juvenile myoclonic epilepsy 103 , further mouse modelling studies are required to assess an oncogenic role for FBXO9.
Context-dependent functions β-TRCP1 and β-TRCP2. It is noteworthy that some F-box proteins, such as β-TRCP1 and β-TRCP2, have context-dependent roles in governing tumori genesis. β-TRCP1 and β-TRCP2 exert their oncogenic or tumour-suppressive functions depending on the specific tumour type or cellular context. Notably, β-TRCP1 and β-TRCP2 are reported to have indistinguishable biochemical functions in recognizing and degrading their substrates 104 . The growing list of identified β-TRCP1 and β-TRCP2 ubiquitin substrates includes β-catenin, CDC25A, FBXO5, vascular endothelial growth factor receptor 2 (VEGFR2), inhibitor of nuclear factor-κB (IκB), programmed cell death protein 4 (PDCD4) and DEP domain-containing mTOR-interacting protein (DEPTOR) (see Supplementary information S5 (table)). Although some β-TRCP1 and β-TRCP2 substrates show oncogenic properties, many have possible tumour-suppressive functions.
Btrcp1 −/− mice did not have an increased cancer incidence 105, 106 (TABLE 4) . Notably, mammary glands of Btrcp1 −/− female mice showed a hypoplastic phenotype. However, 38% of transgenic mice that expressed β-TRCP1 that was targeted to the mammary gland and other epithelial tissues under the control of the MMTV promoter developed tumours such as mammary, ovarian and uterine carcinomas, which indicates that β-TRCP1 could facilitate epithelial tumorigenesis in vivo 107 . Moreover, transgenic mice with inducible, selective expression of dominant-negative β-TRCP2 in the epidermis had decreased UVB-induced oedema, hyperplasia and inflammatory response in the skin, which suggests a possible oncogenic role for β-TRCP2 in the skin cancer setting 108 .
In addition, analysis of clinical samples suggests that β-TRCP1 could be an oncoprotein in certain tissues. For example, 56% of colorectal cancer tissues showed upregulation of β-TRCP1 at both the mRNA and protein levels that correlated with poor clinical prognosis 109 . Moreover, β-TRCP1 is highly expressed in pancreatic cancer 110 and hepatoblastoma biopsy samples 111 . Similarly, elevated levels of β-TRCP2 have also been observed in various human tumour tissue samples, such as those of prostate, breast and gastric cancers 104 . These findings suggest that the overexpression of β-TRCP1 or β-TRCP2 could be a common trend in human cancers. However, somatic mutations in BTRCP1 and BTRCP2 that prevent E3 ligase activity have also been identified in human gastric cancer; this correlated with stabilization of β-catenin in these tissues and could explain the development of these tumours 112, 113 . This highlights the tumour-suppressive role of β-TRCP1 and β-TRCP2, at least in the gastric cancer setting. Collectively, β-TRCP1 and β-TRCP2 might exert either an oncogenic or a tumour-suppressive activity in a tissue-specific or cellular context-dependent manner; therefore, further in-depth investigations are required to explore the exact mechanisms by which these proteins exert their biological functions in cancer.
FBXL10
. FBXL10 (also known as KDM2B) is an F-box protein that contains a Jumonji C domain that carries out demethylase activity (TABLE 1) . Consistent with its molecular structure, FBXL10 has been shown to have dual functions: histone H3 lysine 36 demethylation and histone H2A lysine 119 ubiquitylation 114 , both of which might be crucial to negatively regulate embryonic stem cell pluripotency. A recent study has also shown direct evidence for dysregulation of FBXL10 in cancer. FBXL10 overexpression was observed in human pancreatic cancer tissue samples, and higher expression levels of FBXL10 correlated with disease grade and stage, as well as with metastasis 115 . More importantly, downregulation of FBXL10 abrogated the tumorigenicity of pancreatic cancer cell lines, whereas overexpression of FBXL10 cooperated with the KRAS G12D mutation to induce pancreatic tumorigenesis in mice 115 .
In line with this notion, depletion of FBXL10 caused upregulation of ARF in MEFs, which suggests that FBXL10 might suppress cell death by inhibiting the ARF tumour-suppressor pathway 116 . In addition, overexpression of FBXL10 promoted cell proliferation and inhibited cellular senescence, in part by suppressing the expression of the CDK4 inhibitor p15 (also known as INK4B) 117 . However, contrary to the oncogenic properties of FBXL10, tumour suppression by FBXL10 has been reported, in which retroviral insertion-mediated suppression of FBXL10 expression led to the development of an aggressive brain tumour in mice 118 . Hence, further studies are required to solidify the possible context-dependent role of FBXL10 in tumorigenesis.
Undetermined but probable functions in cancer
Unfortunately, owing to a lack of compelling physiological, pathological and biochemical evidence, the potential roles of many F-box proteins in cancer remain mostly undetermined (TABLE 4) . For the F-box proteins discussed in this section, either initial mouse models have been attempted but have no cancerous phenotypes, or there is a lack of supporting mouse-modelling studies. Thus, additional wholebody, tissue-specific or compound mouse-modelling studies that are coupled with additional pathological and biochemical evidence are required to decipher the potential roles of these F-box proteins in cancer.
The FBXW family. FBXW4 was found to be mutated in the dactylaplasia mouse, the phenotype of which resembles the human autosomal dominant split hand/foot malformation disease (SHFM disease); however, no cancer incidence was observed. Further pathological studies showed that FBXW4 is mutated, lost or underexpressed in multiple human cancer cell lines and clinical tumour samples 119 .
Moreover, reduced FBXW4 expression correlates with decreased survival in patients with non-small-cell lung cancer 119 . Although inactivation of FBXW4 has been reported in human cancers 119 , further studies using knockout or knock-in mouse models, as well as identification of the ubiquitin substrates of FBXW4, are required to assess its role in cancer.
FBXW5 was originally identified as a negative regulator of TGFβ-activated kinase 1 (TAK1; also known as MAP3K7) in the interleukin-1β (IL-1β) signalling pathway 120 , which suggested its tumour-suppressive potential; this was supported by the ability of FBXW5 to promote the degradation of the MYB oncoprotein 121 . However, FBXW5 was recently reported to control the stability of deleted in liver cancer 1 (DLC1; also known as RHO GTPase-activating protein 7) 122 and tuberous sclerosis 2 (TSC2) 123 tumour suppressors (see Supplementary information S2 (table)), which suggests a possible oncogenic role for FBXW5, but this requires knockout or knock-in mouse models for further validation.
FBXW15-selective expression has been reported in mouse oocytes 124 and recently implicated as a possible tumour suppressor by promoting the degradation of histone acetyltransferase binding to ORC1 (HBO1; also known as KAT7) to inhibit replication licensing and cell proliferation 125 (see Supplementary information S2 (table) ). However, establishing engineered mouse models will facilitate further characterization of a potential role for FBXW15 in cancer.
The FBXL family. FBXL2 was recently authenticated as an ubiquitin E3 ligase component that exerts antitumour activity. Specifically, FBXL2 targets cyclin D2 for degradation in B lymphocytes and leukaemic cells, which leads to G0 arrest and apoptosis 126 (see Supplementary information S6 (table) ). Similarly, FBXL2 could suppress lung cancer cell proliferation through the degradation of cyclin D3 (REF. 127 ). FBXL2 was also reported to inhibit tumorigenesis by promoting the degradation of Aurora B 128 , whereas the FBXL2-mediated degradation of p85β (a PI3K regulatory subunit) suggests a possible oncogenic role 20 . None available β-TRCP1, β-transducin repeat-containing protein 1; FBXL, F-box and leucine-rich repeat protein; FBXO, F-box only; shRNA, short hairpin RNA; UVB, ultraviolet B.
Cancer testis antigen
A member of a group of tumour antigens with higher expression in normal testis but not in adult somatic tissues. Overexpression of cancer testis antigens has been observed in several types of human cancers, suggesting that they could be used as biomarkers and are attractive drug targets for cancer treatment.
FBXL5 was found to regulate the turnover of p150, which is an activator of microtubule motor cytoplasmic dynein that is crucial for vesicular transport and mitotic spindle organization 129 . However, its role in tumorigenesis remains to be defined. Fbxl5 −/− mice die during embryogenesis as a result of excessive iron accumulation 130, 131 owing to the loss of iron regulatory protein 2 (IRP2; also known as IREBP2) degradation 130 . This restricts further use of these mice to understand the role of FBXL5 in tumori genesis and warrants the development of tissue-specific knockout mice.
Notably, FBXL20 might have a possible oncogenic function, as overexpression was recently observed in human colorectal adenocarcinoma 132 . Interestingly, FBXL20 was validated as a direct target of oncogenic miR-3151 in cytogenetically normal acute myeloid leukaemia, which suggests a possible tumoursuppressor function in leukaemia 133 . These findings indicate that, analogous to β-TRCP1 and β-TRCP2, FBXL20 might also govern tumorigenesis in a context-dependent manner.
Although FBXL21 has been shown to target CRY proteins for degradation and Fbxl21 −/− mice showed compromised daily activity 134 , its connection with human cancer remains mostly undefined and warrants further in-depth investigation.
The FBXO family. Fbxo7
−/− mice show increased pro-B cell and pro-erythroblast populations 135 , but no information has been obtained regarding the role of FBXO7 in tumorigenesis. Biochemically, FBXO7 catalyses the ubiquitylation of hepatoma upregulated protein (HURP; also known as DAP5) 136 ; HURP is a putative oncogene, as its overexpression has been observed in human hepatocellular carcinoma, colon cancer, breast cancer and transitional cell carcinoma 136 . FBXO7 also catalyses the ubiquitylation of inhibitor of apoptosis protein 2 (IAP2; also known as BIRC2) 137 , which is another putative oncoprotein that inhibits apoptosis and facilitates cell cycle transition. However, FBXO7 directly binds to the CDK6-cyclin D complex, and depletion of FBXO7 led to a reduced association of cyclin D with CDK6 (REF. 138 ). Moreover, overexpression of FBXO7 transformed immortalized fibroblasts in a CDK6-dependent manner 138 . In further support of the oncogenic potential of FBXO7, the expression of FBXO7 in haematopoietic progenitor cells cooperates with p53 loss to promote T cell lymphomagenesis 139 . Consistent with this finding, a high expression of FBXO7 was observed in epithelial tumours but not in normal tissues 138 . As opposite roles of FBXO7 in tumorigenesis have been suggested by different biochemical analyses, the generation of tissue-specific or compound knockout or knock-in mouse models for Fbxo7, as well as the identification of additional ubiquitin substrates of FBXO7, is required to determine the role of FBXO7 in human cancer.
Pluripotent stem cells can be induced from mouse fibroblasts through the overexpression of FBXO15 (REF. 140) , and this suggests a potential oncogenic role for FBXO15, given the connection between cellular transformation and differentiation 141 . However, Fbxo15 −/− mice are viable, with no noticeable tumourassociated phenotypes 142 , which suggests that further transgenic mouse models should be generated to assess the possible oncogenic role of FBXO15.
FBXO28 might have an oncogenic role by stimulating transcription through non-proteolytic ubiquitylation of MYC 143 . Consistent with a putative oncogenic role, high expression levels of FBXO28 correlate with poor outcome in breast cancer 143 . Moreover, FBXO32 was identified as a muscle-specific F-box protein 144 , and studies of Fbxo32-overexpressing and Fbxo32 −/− mice showed that FBXO32 has a crucial function in muscle homeostasis 145 . FBXO32 has been reported as an apoptosis regulator and a tumour suppressor 146 . In support of this notion, FBXO32 promoter methylation correlated with poor prognosis in human ovarian cancer, and reintroducing FBXO32 markedly inhibited cell proliferation 147 . However, further studies are warranted to define the role of FBXO32 in tumorigenesis.
Overexpression of FBXO39 was observed in various cancer cell lines, such as breast, colon, hepatoma, renal, thyroid anaplastic, ovary, sarcoma and lung 148 . Moreover, FBXO39 was characterized as a new cancer testis antigen from patients with colon cancer, which implies that FBXO39 could be useful for diagnosis and immunotherapy, but its oncogenic role remains undefined 148 . Interestingly, FBXO44 was recently shown to target BRCA1 for ubiquitylation and destruction; and consistent with a possible oncogenic role, overexpression of FBXO44 was observed in sporadic breast cancer with low BRCA1 levels 149 . Given that the loss of BRCA1 activity facilitates breast cancer development, it is imperative to determine whether induced expression of FBXO44 in mouse mammary glands is sufficient to drive breast tumorigenesis. FBXO45 was reported to promote the degradation of p73, which is a member of the p53 tumour-suppressor family 150 . Depletion of FBXO45 stabilized p73 and induced cell death, which suggests that FBXO45 could have an oncogenic role 150 . However, Fbxo45 −/− mice are embryonic lethal 151 . Thus, further tissue-specific knockout or knock-in mouse models, as well as identification of additional FBXO45 substrates, are required to define the physiological role of this protein in cancer.
F-box proteins as therapeutic targets
Given that a substantial number of F-box proteins have tumour-suppressive or oncogenic roles, F-box proteins could function as therapeutic targets for the prevention and/or treatment of human cancers (FIG. 2) . For example, oncogenic SKP2 is a promising target, and using highthroughput screening, several small-molecule inhibitors have been developed, including Compound A and Compound #25 (also known as SZL-P1-41), to block SKP2 E3 ligase activity 152, 153 . Compound A induces apoptosis and cell cycle arrest in multiple myeloma cells 153 . Compound #25 selectively suppressed SKP2 E3 ligase activity but not the activity of other SCF complexes, and it inhibited AKT-mediated . Recently, an in silico screen also identified small-molecule inhibitors, called 'skpins' , that block SKP2-mediated p27 degradation, thereby leading to p27 accumulation and subsequently causing cell cycle arrest at G1 or G2/M in cancer cells 154 . With a similar mechanism, SKP2 E3 ligase inhibitors (SKP2E3LIs), which are another group of inhibitors that block the interaction of SKP2 with p27, efficiently hindered the oestrogen-induced stimulation of cell growth and the degradation of nuclear p27 (REF. 155 ).
In addition, two recent studies showed that loss of FBXW7 in cancer cells promotes resistance to taxol and ABT-737 (REFS 156, 157) . Thus, upregulation of FBXW7 could reverse drug resistance, and the development of inhibitors for upstream regulatory proteins to induce FBXW7 activity might also be a viable therapeutic approach. To this end, peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (PIN1) negatively regulated the stability and tumour-suppressor function of FBXW7, which suggests that enzymatic inhibition of PIN1 that leads to elevated FBXW7 activity could be a promising approach for anticancer therapy 158 . As many F-box proteins have context-dependent functions in different cancer types, any anticancer treatments might require the use of tissue-specific targeting of the responsible F-box protein.
Conclusions and perspectives
In conclusion, our current knowledge demonstrates that F-box proteins could have essential roles in tumorigenesis, mainly through the regulation of substrate turnover. Interestingly, it has been shown that some F-box proteins could also exert their cellular functions via non-proteolytic regulation, which can occur in an E3 ligase activity-dependent or activity-independent manner. For example, SKP2 exerts its oncogenic function in part through the K63-linked ubiquitylation and activation of AKT 80 and NBS1 (also known as nibrin) 159 . There are also examples of F-box proteins having E3 activity-independent functions, such as FBXO5 functioning as an endogenous and SCF-independent suppressor of APC/C 160 (more of these examples are reviewed in REF. 161 ).
Among the 69 F-box proteins that have been identified, extensive studies have been heavily focused on only four F-box proteins -FBXW7, SKP2, β-TRCP1 and β-TRCP2 -whereas only limited attention has been devoted to the remaining 65 members. Notably, as inhibitors of SKP2 are beginning to show therapeutic potential, this is encouraging the search for other F-box proteins that might also have oncogenic roles, as well as for compounds that target them. Functional characterization of each F-box protein would help us to understand cellular functions of individual F-box proteins and whether they are potential anticancer targets. To this end, there are still many important remaining questions. For example, does a given F-box protein exert its tumour-suppressive or oncogenic role in certain tissues or in certain pathological settings? In this regard, two recent studies indicated that FBXW7 could also function as an oncoprotein in chronic myeloid leukaemia. These studies showed that ablation of Fbxw7 resulted in the eradication of leukaemia-initiating cells by allowing them to exit quiescence, thereby leading to remission of leukaemia during combination therapy with imatinib in mice 162, 163 . However, it remains unclear whether FBXW7, which mostly functions as a tumour suppressor, could have oncogenic activity in other tissue settings. More importantly, it remains unaddressed whether the E3 ligase activity per se of any SCF E3 ligase complex is required for its tumorigenesisrelated functions. What is the upstream signalling Figure 2 | Different strategies for targeted therapy that aims to inhibit F-box E3 ligases on the basis of their roles in tumorigenesis. a | As indicated, for oncogenic F-box proteins, inhibitors that directly block SKP1-cullin 1-F-box protein (SCF) E3 complex formation or inhibit E3 interaction with substrates could be used as anticancer drugs. To this end, Compound #25 (also known as SZL-P1-41) has been characterized to impair the incorporation of S-phase kinase-associated protein 2 (SKP2) into a functional SCF complex, thereby terminating the oncogenic activity of SKP2. Similarly, 'skpins' and SKP2 E3 ligase inhibitors (SKP2E3LIs) were identified to specifically disrupt the interaction of SKP2 with p27, thereby leading to the accumulation of p27 and subsequent cell cycle arrest. b | For tumour-suppressive F-box proteins such as F-box/WD repeat-containing protein 7 (FBXW7), as genetic ablation or depletion of FBXW7 was frequently observed in cancer patients, a rational targeting of its downstream oncogenic pathway (or pathways) could be used as an efficient anticancer approach. c | For F-box proteins with context-dependent or undetermined roles in cancer, such as β-transducin repeat-containing protein 1 (β-TRCP1), disease-specific analysis would be necessary to further guide the design of personalized therapies. CDC25A, cell division cycle 25 homologue A; DEPTOR, DEP domain-containing mTOR-interacting protein; FBXO5, F-box only 5; FOXO1, forkhead box protein O1; IκB, inhibitor of nuclear factor-κB; MCL1, myeloid cell leukaemia 1; P, phosphorylation; PDCD4, programmed cell death protein 4. pathway (or pathways) that governs the activation or inactivation of each given SCF type of E3 ligase? Is there crosstalk between individual F-box proteins? What are the physiological substrates for many orphan F-box proteins? How can we establish more systematic and novel approaches to screen for additional substrates for each F-box protein, and how can we validate the physiological function for each F-box protein? To address these questions, we will need to develop whole-body or tissuespecific knockout or knock-in mice. We also need to design novel methods to identify additional ubiquitin substrates, and thereby define the mechanistic roles of F-box proteins in cancer development. For F-box proteins that have different roles in different tumour types, more studies should be focused on the identification of context-specific substrates that bear a causal relationship with the function of the F-box protein in tumorigenesis, which could be confirmed by using reverse genetic methods. In conclusion, addressing these questions might help to facilitate the development of novel strategies or therapeutic combinations to target F-box proteins in human cancers.
